Abstract
Introduction
A direct comparison of the air kerma standards of the Korea Research Institute of Standards and Science (KRISS) and the Bureau International des Poids et Mesures (BIPM) for 137 Cs gamma radiation was carried out in August 2010.The air kerma standard of the KRISS for 137 Cs is a cylindrically-shaped, graphite-walled cavity ionization chamber constructed by the KRISS, referenced as Y19-01. The KRISS standard is described in [1] and some details are given in Table 1 .
The BIPM standard is a parallel-plate graphite cavity ionization chamber with a volume of about 6.8 cm 3 as described in [2] and [3] and the results of recent evaluations of calculated correction factors and new volume estimations are presented in [4] . with density of 2.142 g/cm 3 Applied voltage Both polarities 250 V
Experimental conditions
The KRISS primary standard was positioned at 1 m in the BIPM 137 Cs radiation beam on two separate occasions. The reference conditions of measurement used at the BIPM [5] and the KRISS are given in Table 2 . At the BIPM, an insulating cabin is normally used to minimize temperature fluctuations. However, the stem length of the KRISS standard rendered this impractical and instead, a 2/10 plastic curtain was used to reduce the temperature fluctuations. Consequently, during a series of measurements in the 137 Cs beam the air temperature was stable to better than 0.08 °C.
Determination of the air kerma
The air kerma rate is determined by
where I/m is the ionization current per unit mass of air measured by the standard, W is the average energy spent by an electron of charge e to produce an ion pair in dry air, g is the fraction of electron energy lost by bremsstrahlung production in air, (μ en /ρ) a,c is the ratio of the mean mass energy-absorption coefficients of air and graphite,
is the ratio of the mean stopping powers of graphite and air,
is the product of the correction factors to be applied to the standard.
Data concerning the various factors entering in the determination of air kerma in the 137 Cs beam using the primary standards of the KRISS and of the BIPM are shown in Table 3 . They include the physical constants [6] , the correction factors entering in (1), the volume of each chamber cavity and the associated uncertainties.
For the BIPM standard, these data are taken from [4] and [5] . Also shown in Table 3 are the relative uncertainties in the ratio
The corrections for the KRISS standard are described in the following section.
Correction factors for the KRISS standard
Attenuation and scattering in the chamber wall (k wall ) and axial non-uniformity (k an )
The effect of attenuation and scatter in the graphite walls of the KRISS Y19-01 chamber and the axial non-uniformity correction were determined by the KRISS using Monte Carlo calculations [7] , taken from [1] .
Scatter from the stem (k st )
The correction for the stem scatter was measured at the KRISS as 0.9928 (4). Measurements with a dummy stem were also made at the BIPM, the result being in agreement with that measured at the KRISS at the level of 1 part in 10 4 .
3/10 (3) Combined uncertainty for the product of and e W / (4) k rn for the large collimator; for the small collimator, k rn values are 1.0070 and 1.0006 for the BIPM and the KRISS standard, respectively (5) for standard CH5-2, the measured volume 6.8344 cm 3 reduced by the factor 1.0009 [5] (6) the uncertainty for g is included in the uncertainty of the ratio of mass energy absorption coefficients [8] .
Insulator compound scattering (k )
co The insulator material of the KRISS standard Y19-01 is Kel-F(Polychlorotrifloroethylene, C 2 ClF ) with the density of 2.142 g cm -3 3 . As the effective atomic number of Kel-F is relatively large and the portion of the insulator in the chamber wall is substantial (see Figure 1) , the correction factor for the insulator scattering was determined by a Monte Carlo method [7] 
where is the cavity dose. The subscripts indicate that the cavity dose is calculated for the parallel (par) and uniform (uni) beam without attenuation (no att), scattering (no sca) and reabsorption of bremsstrahlung (no reabs). The subscript comp indicates that the chamber geometry in the calculation is realistic with Kel-F embedded in the chamber wall and gra indicates that the insulator is replaced with pure graphite, i.e., the chamber wall material is entirely graphite.
D
The correction for the compound scattering was calculated at the KRISS as 0.9951 with a statistical uncertainty of 1 part in 10 4 . For the type B uncertainty estimation, the analysis of [9, 10] was followed. Considering that the uncertainty of the photon interaction cross-section would be close to 1 % for the 137 Cs beam [11] , the two percentile deviations of the compound scattering correction, which were obtained by increasing the interaction cross section of 1 % in one material and decreasing the cross section of 1 % in the other (Kel-F or graphite) were added in quadrature. The resultant combined deviation is 0.06 %. Combining this further with the uncertainties of spectrum and electron cross section given in [9] , the type B uncertainty of 0.11 % was estimated. 
Radial non-uniformity of the beam (k )
rn The correction factor k rn for the radial non-uniformity of the BIPM beam over the crosssection of the KRISS standard is estimated to be 1.0002(2) and 1.0006(2) using the beam profile from [3] , for the large and small collimator, respectively.
Polarity effect (k pol )
The polarity correction determined at the KRISS for the primary standard Y19-01 was 1.0026 (4) . A value of 1.0055(9) was determined at the BIPM for the chamber. However, as all measurements were made with both polarities at the BIPM, no explicit corrections for polarity were applied.
Recombination loss (k ) s
The correction factor for the KRISS standard for losses due to ion recombination was determined at the KRISS using the method of Niatel as described in [12] . The recombination correction k can be expressed as
where I V is given for the reference condition (20 °C and 101.325 kPa) and Table 4 gives the values for k init and k vol and the uncertainty for k s determined at the KRISS (Figure 2 ). Consequently, a correction factor of 1.0020 (2) for ion recombination at 250 V was applied to the KRISS standard Y19-01 in the BIPM 137 Cs beam. Measurements to determine the ion recombination correction were also made during the comparison at the BIPM in the 60 Co beam; using the values of k init and k vol determined at the BIPM, a factor of 1.0020 (2) was obtained for the KRISS standard, in agreement with the KRISS value. 
Leakage correction
The KRISS standard has a radiation-induced leakage which decays to an insignificant value 5 min after the irradiation is terminated. At the KRISS, leakage is measured 20 min after termination of the irradiation. This is to allow the charge accumulated in the insulator to decay.
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The usual practice at the BIPM is to correct the ionization current for the leakage current measured immediately after the irradiation. However, for this comparison the measurements made with the KRISS standard were not corrected for leakage. The reasons are explained below and give rise to an uncertainty component of 8 × 10 -4 included in Table 3 .
Leakage measurements. Two sets of measurements were made with the KRISS standard for the large collimator in the reference beam, the chamber being repositioned between the two sets. On each occasion, the leakage was measured 5 minutes after termination of the irradiation for one minute both before and after the ionization current measurements. The mean value of the measured leakage current was 1.9 fA; while not large in absolute terms, this represents up to 2 × 10 -3 of the ionization current. Correcting for leakage, the statistical relative standard uncertainty of the mean current arising from the two sets of measurements would be 1 × 10 -3 . However, if no leakage correction is applied, the corresponding uncertainty is only 1 × 10 -4 . The relative change in the mean ionization current with and without leakage correction is 1.9 × 10 -3 .
Comparison in two beams. While the chamber was positioned in the 137 Cs large diameter beam, measurements were also made using another collimator which defines a circular beam 11 cm in diameter at the reference plane. When each set of measurements was corrected using the appropriate radial non-uniformity correction, better agreement between the results for the two beams was achieved when no leakage corrections were made.
Based on these observations, a triangular distribution with half-width 2 × 10 -3 , was used to give the best estimate of the uncertainty of using the measurement not corrected for leakage, 8 × 10 -4 .
Results
The KRISS primary standard Y19-01 was positioned in the 137 Cs beam using a set-up different from the usual one used at the BIPM due to the length of the chamber stem: the chamber was positioned in the centre of the beam with its stem horizontal, on two separate occasions. The results were reproducible to better than 4 × 10 -4 . The values of the ionization currents measured at the BIPM for the KRISS standard are given in Table 5 for both collimators. They have been normalized to standard temperature and pressure and corrected to the reference date for the decay of the 137 Cs source. The evaluation of the air kerma rate at the BIPM measured with the KRISS primary standard is obtained from (1) using the data in Table 3 and the mean measured ionization current in the BIPM beam in Table 3 .
Degrees of equivalence
Following a decision of the CCRI, the BIPM determination of the dosimetric quantity, here K BIPM (K B ), is taken as the key comparison reference value (KCRV). It follows that for each NMI i having a BIPM comparison result R Ki (denoted x i in the KCDB) with combined standard uncertainty u i , the degree of equivalence with respect to the reference value is given by a pair of terms:
and the expanded uncertainty (k = 2) of this difference, = 2 u U .
i i
The results for D and U , are expressed in mGy/Gy. 
Comparison of any two NMIs with each other
The degree of equivalence between any pair of national measurement standards is expressed in terms of the difference between the two comparison results and the expanded uncertainty of this difference; consequently, it is independent of the choice of key comparison reference value.
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The degree of equivalence, D ij , between any pair of NMIs, i and j, is thus expressed as the difference 
